Introduction
Conifers and ericaceous plants adapted to acid soils with low or no nitrification have a preference for NH þ 4 as the main nitrogen source. These plants can tolerate high concentrations of NH þ 4 and have been found to possess a reduced capacity to use NO À 3 (Kronzucker et al., 1995 (Kronzucker et al., , 1997 Forde and Clarkson, 1999; Britto et al., 2001a; Britto and Kronzucker, 2002; Schjoerring et al., 2002) , although in Picea abies and Vaccinium myrtillus shortand long-term field studies have shown the same capacity for NH þ 4 and NO À 3 utilization (Persson et al., 2003) . Sources of NH (Mehrer and Mohr, 1989; Britto et al., 2001a, b; Britto and Kronzucker, 2002) . NH þ 4 uptake by the roots is accompanied by the uptake of monovalent anions or the release of H + -ions resulting in acidification of the soil (Marschner et al., 1991; Forde and Clarkson, 1999; Schjoerring et al., 2002) which can be one of the causes of ammonium toxicity (Britto and Kronzucker, 2002) . Most plants are susceptible to NH þ 4 toxicity when NH þ 4 is the only nitrogen source, an exception is, for instance, wetland rice that can tolerate very high concentrations of NH þ 4 when growing on flooded anoxic soil with low nitrification (Britto et al., 2001b) .
Primary assimilation of NH þ 4 into amino acids is catalysed by the enzymes glutamine synthetase (GS) and glutamate synthase (GOGAT). Interestingly, although glutamine synthetase has a K m for NH (Lee and Ratcliffe, 1991; Aarnes et al., 1995; Britto et al., 2001a (Aarnes et al., 1995) .
In vivo 31 P-NMR (Ratcliffe, 1994) can be used to estimate intracellular vacuolar and cytoplasmic pH (Kime et al., 1982; Martin et al., 1982; Gerendás et al., 1990; Katsuhara et al., 1997; Espen et al., 2004; Pfeffer et al., 2004) . In vivo 14 N-NMR and 31 P-NMR were used to compare the pH in vacuoles and cytoplasm of spruce seedlings growing with NH þ 4 or NO À 3 as the nitrogen source. In addition, the amount of malate and citrate was monitored in different parts of the plants since these organic acids can play a role in cellular pH homeostasis (Britto and Kronzucker, 2005) .
Materials and methods

Plant material
Seeds of Norway spruce [Picea abies (L.) Karst.] provenance B2 were grown for 3 weeks in vermiculite/perlite at an air temperature of 22°C and a relative humidity of 60% in a climate-conditioned growth room in continuous light (250 lmol m À2 s À1 , using metal halide lamps, Kolorarc 400 W from General Electric Co., USA) as described by Aarnes et al. (1995) . Groups of 20 plants were removed from the growth medium, rinsed in distilled water, and transferred to drams glass containing 10 ml nutrient solution with different concentrations of nitrogen (5-25 mM N), supplied as (NH 4 ) 2 SO 4 or KNO 3 . The plants were grown for 2 d in the different nutrient solutions in the same light and temperature regime as described above. The pH of the nutrient solutions was determined with a glass electrode (Radiometer, Denmark).
NMR
One hundred seedlings were divided into roots, stems, and needles that were wrapped in Teflon tape and put into a 10 mm NMR tube with circulating air-bubbled buffer (25 mM MES pH 6.0, 0.01 mM CaSO 4 ) at 20°C (Lee and Ratcliffe,1983) .
31 P-NMR and 14 N-NMR spectra were obtained by using a Bruker DPX300 spectrometer with a BBO 10 mm probe head.
31 P-NMR spectra were recorded at 121.51 MHz, with an acquisition time of 0.85 s, a relaxation delay of 1 s, and a pulse angle of 90°. Chemical shifts were compared to 17 mM methylene diphosphonic acid in a capillary tube as external standard resonating at 16.9 ppm compared with H 3 PO 3 . The standard calibration curve that related chemical shifts of intracellular 31 P resonances to different pH values was made according to Martin et al. (1982) and Roberts et al. (1981) . The intracellular pH of the P i pools was determined by using the chemical shifts of the 31 P-NMR spectra. 14 N-NMR spectra were recorded at 21.68 MHz, a 70°pulse angle, a recycle time of 4 s, and 1024 scans.
The pH value of the ammonium-containing compartments was determined by using the pH-dependent Extraction and determination of malate and citrate Groups of 20 plants were washed in distilled water, divided into roots, stems, and needles and homogenized by grinding in a mortar with 6 ml ice-cold distilled water. The homogenates were centrifuged for 15 min at 10 000 g (4°C). The supernatant was used to measure the pH and the concentrations of organic acids by a coupled enzymatic UV-assay (340 nm) for food analysis using test combinations for L-malic acid, citric acid, and oxalic acid from Boehringer Mannheim/Roche.
Results
A typical in vivo
31 P-spectrum of roots of Norway spruce seedlings with peaks for vacuolar and cytoplasmic P i , sugar phosphates, and nucleoside phosphate is shown in Fig. 1 . Similar spectra were obtained from stems and needles. The spectra give information about the pH in vacuoles and in the cytoplasm by comparing -NMR signal consists of only one peak. Using the right peak of the quintet signal as a reference, the pH in roots, stems, and needles was estimated to be 3.9, 3.9, and 3.7, respectively. The 14 N-NMR spectra also showed a peak from the a-amino nitrogen in amino acids at c. À335 ppm. The amino acid nitrogen peak was more pronounced in stems and needles than in roots.
The amounts of malate and citrate in water extracts of roots, stems and needles are shown in Table 2 . Concentrations of malate were 3-6 times higher in stems than in roots and needles. Malate concentrations were significantly lower in roots and stems of NH 
Discussion
In the present study the pH in different parts of cells in roots, stems, and needles of Norway spruce seedlings has been measured by in vivo NMR methods. Cytoplasmic and vacuolar pH in roots, stems, and needles was found to be 7.0 and 4.8, respectively, while 14 N-NMR spectra of NH þ 4 showed a pH of about 3.8. The estimated cytoplasmic pH (around 7.0) is lower than reported pH values of 7.7 for roots of Pinus sylvestris and 7.5 in leaves of Pisum sativum (Gerlitz and Werk, 1994; Bligny et al., 1997) . This may be due to mild hypoxia in the samples (Felle, 2005) , most probably because of slow buffer circulation and aeration instead of oxygenation. Hydroponics were used for growth of the seedlings, a process that differs from the natural situation involving ectomycorrhiza.
The position of the P i signal is insensitive to a pH below 5, allowing only approximate estimates of pH in this range by 31 P-NMR. To circumvent these limitations the 13 C-NMR signal of malate (Chang and Roberts, 1989 ) and 19 F-NMR (Pfeffer et al., 2004) have been used previously. In contrast to the 31 P-NMR signal, the lineshape of the ammonium signal is clearly sensitive to pH changes in the acidic region, allowing a more accurate estimation of the pH in the ammonium-containing compartment. At low pH the nitrogen atoms will always carry four hydrogen atoms splitting the shape of the coupled-
resonance into a five-peak signal. The amount of NH 3 will increase with increasing pH, but the three hydrogen atoms will not stay long enough at the nitrogen atom for the NMR response to be quartet. Because hydrogen jumps on and off, the nitrogen nucleus has no time to see the effect of hydrogen, and at a pH above pH 4 the signal becomes a single peak, as for a decoupled signal, eventually changing to a narrow single peak between pH 4 and 6. The 31 P-NMR method used here to determine the pH of cytoplasm and vacuole only estimates the pH in phosphate compartments which, according to the 14 N-NMR results, seem to be less acidic than the NH compartments separated from the main phosphate storage pools could explain the pH values found here. However, it is also possible that P i is stored in the NH þ 4 -storing vacuoles because the position of the P i signal in 31 P-NMR is relatively insensitive to pH changes below 5 (Pfeffer et al., 2004) . Belton et al. (1985) have also proposed NH þ 4 compartments in their study of inorganic nitrogen metabolism in NH þ 4 -fed barley roots with the 14 N-NMR method, but pH values as low as those reported here have only been described for vacuoles of some hyperacidifying plants (Felle, 2005) . Neither the intra-thylakoidal space of chloroplasts under full illumination, nor vesicles of the endosomal Golgi-related complex, have been shown to have such low pH. Roberts and Pang (1992) has used both the 31 P-NMR and 13 C-NMR method to examine the NH þ 4 distribution between cytoplasm and vacuoles in maize root tips. They (Roberts and Pang, 1992) . Gerendás et al. (1990) and Gerendás and Ratcliffe (2000) have used in vivo 31 P-NMR spectroscopy and have shown ammonium-induced changes in both cytoplasmic and vacuolar pH values in root tissues from maize seedlings grown in alkaline or acidic nutrient solution with NH þ 4 . In spruce, which is a gymnosperm, the situation might be different from maize where Espen et al. (2004) have found that nitrate uptake is an acidifying process. In this study, no effect of different nitrogen sources on the pH in cytoplasm and vacuoles could be measured by 31 P-NMR. This could be due to NH þ 4 compartmentation and might represent an effective system for homeostasis of cellular pH. However, in our studies, the K + -levels in the nutrient solution are allowed to vary widely between treatment since KNO 3 was used as nitrate source, and both the K and N levels are high compared with nutrient levels actually present in the natural environment. Separate acid 14 N-NMR spectra pH standards (25 mM ammonium acetate) at pH 3. 04, 3.35, 3.59, and 3.82. 
